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Abstract:

In this review, we highlight recent research efforts that aimed at dewgapanopore
sensors fodetection ofmetal iors, which play a crucial role in environmental safety and
human health Protein pors usethree stochastic sensiAgasedstrategiesfor metal ion
detection The first strategy is to construct engineered nanopores with metal ion binding sites,
so that the interaction between the target analytes and the nanopore can slow the movement of
metal iors in the nanaehannel. Second, large molecugegh as nucleic acids and especially
peptidescould be utilized as external selective molecular probes to detect metal ions based on
the conformational change of the ligand molecules induced by the metajaod chelation /
coordination interaction. Third, enzymatic reactions alzobe used as an alternative to the
molecule probe strategy in the situation that a sensitive and selective probe molecule for the
target analyte is difficult to obtainOn theother handpy taking advantage of steaebstate
analysis synthetic nanopores mainlysetwo strategies (modification and modificatitnee)

to detect metak. Given the advantages of high sensitivity & selectivity, and taieel
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detection, nanoporbasedmetal ion sensors should find useful application in many fields,

including environmental monitoring, medical diagnosis, and so on.

1. Introduction

Nanopore stochastic sensing has attracted substantial interest asfeetabsthnique to
measure singlemolecules. First proposed in the nrii@90s, nanopore detection takes
advantage of the ionic current modulations produced by the movement of target analytes in a
single nanescale sized pore bathed in high salt solutions at a fixed applied potSctiginie
1). Unlike most of the traditional detection methods, in which only one single parameter
(usually signal intensity) is monitored, nanopstechasticsensors can collect multiple pieces
of information simultaneously from a single measurement. With amease in the
dimensionality of the sensing system, nanopore technology provides a superior resolution,
allowing the detection of a target analyte from a mixture of components and even achieving
simultaneous mukanalyte detectioft? BB Besides theadvantage ohigh resolutbn,
nanopore sensorsan operate under a variety of experimental conditidesy., high
temperature, high salt, high easity, both lowandhigh pHsolutions etc.)!®{® andalso be
used toanalyze a wide range of samplascomplicated matricemcluding cinical serun’’
Several important parameters used in nanomoehasticdetection include event mean
residence timet(g) of the analyte, the extent of current blockage (amplitude), and frequency
of occurrence (14,). Under &perimental conditions of constant electrolyte pH, temperature,
and applied potential bias, the event blockage amplitude is related to the size (or diameter) of
the analyte molecule, while the mean residence time depends on its length. Furthermore, the
strength of the interaction between the analyte and the nanopore also plays an important role
in the event blockage amplitude and residence time. Therefore, in narsipohastic
sensing, the identity of the analyte is determined friggm and/or amplitude while its

concentration can be calculated based og..10ver the past two decades, these r&ined
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pores have been utilized to explore a wide variety of applications, including sequencing
DNA,ZROIUL2 datermining sample purity and compositidi®, studying covalent and
non-covalent bonding interactiofd*'*] investigating biomolecular folding and unfolding
[HLR89L20 - probing enzymactivity & kineticd? 22123124 gnd biosensingf a wide variety

of substances, includingolymers peptidesand protein&?125H261{271(281[2911301L311[32] Ny 5y

good revews have been written onavious aspects of the nanopore stochastic sensing
technolog{*P4B5M38] - This review is focused on an unexploredt yery important topic

related to metal ion detection.

Metal ions can be grouped into two categoriessential and neessential Essential
metalsplay important roles in many biological processes and henaeeasssary for human
health. This category aa be further divided into bulk metals (e.g., sodium, potassium,
magnesium, and calcium) and trace elements (e.g., manganese, iron, cobalt, copper, zinc,
molybdenum, and selenium). Normally, the distributions and concentrations of such metal
ions are tighyy controlled. Metal ion imbalance in the human body can lead to a plethora of
disease states, including cardiovascular dis&#8&%° and neurological disordéfg#t42,

On the other hand, a number of ressential metals, like cadmium, arsenic, ad mercury are

not at all necessary for life but, when introduced into the human environment, they pose serious
health problems due to their toxic effects and accumul@idhe human body through food
consumptionwhere they interfere with the functionfthe essential metal ioH&"*!! Therefore,

it is of prime importance to develop highly sensitive and selective sensors for metal ion

detectiont**"*®! |n this review, we will present current nanopore sensing strategies to detect

metal ions For conveniengawo types of nanopore sensors will be discussed separately.

2. Protein pordased stochastic detection of metal ions
As discussed in the numerous previously published nanopore studies includifty ours

thus far, there are two main types of nanopore techniques: biological protein pores and
3
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synthetic nanopores fabricatad robust solidstate substrates. Protein pores are more
reproducibé, and generally provides a better sensor resolution and performance, while
synthetic nanopores are more robust, and more appropriatepddable/fieldable
application¥*8! In addition to the various biomolecules described in the introduction,
detection of metal ions using biological protein pores is also an intgnsivestigatedopic.

At present,protein pores uséhree stochastic sensHiigised strategiet® detect metal ions.
Theseinclude: a) construction of metal ion binding sites in the nanopore inner surface; b)
utilization of a biomolecule as a ligand probe; and c) emplogirgnicalreactions. (Scheme

2)

2.1. Introducing a metal ion recognition site into the inner surface wall of the nanopore

Due to the small size and rapid translocation of metal ions as well as the instrumental
limitation, direct detection of metal ions by nanopore is not viable. Thestiategy for
protein nanoporebaseddetection of metal ions is to construct engineered nanopores with
metal ion binding sites, so that the interaction between the target analytes and the nanopore
can slow the movement of metal ions in the nanochannelonAsf such examples, Bayley
and ceworkers useda heteromeric mutan#-hemolysin(UHL) WTe4H; pore to detect 7
ion. Note thatUHL is a mushroom shape protein that is secreted by the human pathogen
Staphylococcus aureus, and is the most widely usedthastic sensing element in the
nanopore fld.* This mutant pore contained six wild y pHL sibunits and a Zn(H)
binding subunit (4H: Asnl23His, Thrl25 His, Glyl33 His, Leul35 His,
Thr292 Cys), in which the 4 histidines that were introduced by mutation into the lumen of
the channel to form a cluster of iohlazole side chains. To facilitate heteromers to be
separated from each other and from viifjde heptamers in SBfolyacrylamide gels, the Thr
residue at position 292 was also mutated to Cys, which was then modified with IASD (4
acetamide4 -d[(iodoacety)amino]stilbene2 , -@ishilfonate}**% Single channel reedings
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with the WTe4H; pore showed that nanomolar concentrations of Zinc ions could be detected
in minutes (Figure 1).

It should be noted that nanopore sensor usually contains only one binding site. Therefore,
analyte molecules interact with the bindisge of the nanopore at one molecule at a time.
Hence, multiple components in a solution mixture can be detected and even quantitated
simultaneously using a single nanopore as long as it can provide enough resolution. To
demonstrate the muleinalyte detetion capability of the nanopore sensor, Bayley and co
wor kers used t-hemolysimWigiH; pare ta medtect Un(ll), Co(ll), and
cd(11)."Y They found thatthe event signatures such as mean blockage amplitude and/or
residenceaime of Zrf*, C&**, and Cd* were quite different, which permitted the detection of
Zn?* in the presence of other metal ions species and even achieved simultaneous detection of
three metal species.

In another studya tetrachloroaurate (lll) sensor wagoeed by Cao et al. with a
Mycobacterium smegmatis porin AVMI6pA) nanopore and based dku(lll) -methionine
coordination chemistt§/? Although theAu(l1l) -methionine interaction could be observed by
using awild-typeUHL por e d u ee df the nmethieninerasidies at position 113 of
t he UHL pr ot MspA pore gnameru MspM)t was used to carry out the
investigation due to its better resolution tharh e U H,Lwhepeoar raethionine was
introduced at residue 91 of the M2 MspA (D9IBIN1IN/DI9ON/D118R/D134R/E139K)
protein. Experimental results showed thé&e [AuCl]” blockage events could be observed
when its concentration was as low as 200 nM, and the event frequency increased as the
[AuCl4]” concentration increased untilnM. Further increase in the concentration of [AJCI
would result in appearance of mukivel blockage eventsdicating simultaneous blockages
from more than onfAuCl,]” within the sameéMspA-M pore (Figure 2).Moreover, by taking
advantage of this Au(lllembedded nanopore, different biothiols such asydteine, L

homocysteine, and-glutathione could be detected and differentiated.
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Besides direct use of the mutant proteirs obtained by, e.g., ite-directed
mutagenesigechniques further modification on the interior wall (especially cysteine
residues) of the mutant protepores by chemical reactions to introduce a variety of new
recognition sites have been demonstrated to be a power&iegy toexplore various
applications For exampleBayley and ceworkersdevelopeda nanoporebased method to
detect ZR" and to studythe kinetics ofa two-step divalent cation chelatiohy using
functionalized heteroheptameti#iL pores*® Two engineered nanopores were constructed
for this purpose One nanoporéPrpa) contained a single binding site for metal ipndich
was corsisted ofsix wild-type UHL subunits and one mutatHL T117C subunitattached
with N-propyliminodiacetic aicd (PIDAat position 117 The othemprotein porePeipa)2) had
two binding sites, which contained six witgpe UHL subunits and one mutafil17C/G143C
subunitattached with twdPIDA at positions 117 and 143, respectiveljnar experiments
showed thatddition of Zi* in Pepa produced only one type afurrent modulatiorevents
In contrastafter Zrf* was added to thBripa)y2 pore,threetypes of events (at three different
blockagecurrent levelswere observedvhich might be attributed tihe chelating interactions
betweeerZn?* and PIDA (at position 117) betweenzZn** and PIDA (at position 143)and
between Zn?*, PIDA (at position 117)and PIDA (at position 143), respectivelyBy
systematically investigating these events, all the major rate constants involvedwothkisp

divalent catiorchelationprocess could be determined.

2.2 Use of a large molecule as a ligand probe

Although highly sensitive and selective detection of target analytes could be achieved by
modifying the nanoporeterior to introduce a variety of new surface functions (bmding
sites), one major disadvantage of this sensing strategy isconsiming and inconvenient
becausdhe nanopore sensor developed by this approach can only be used for detection of a

particular substanc.o detect different analytes, different nanopores having different binding
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sites need to be produced. To address this issue, using large molecules as an external
selective molecular probe to deteanalytes based on chelaticmdrdindion interaction has
attracted increasing attention in the recent years. The metal ion detection principle of this
sensing strategy is based on the effect of metal ions on macromolecule translocation in a
nanopore. To be more specifically, the conformmatiochange of the macromolecules
induced by the metal ioh macromolecule interaction caused a change in the macromolecule

event signatures such as blockage amplitude and/or residendStineene 2)

2.21 DNA as a chelating agent

Biomolecules such a®NA have increasingly been employed by fluorescence and
colorimetric sensors to detect metal ions in the recent {&HrEOM1B8 |t has been well
documented that these biomolecules can provide better sensitivity and selectivity over the
traditional chelating agent®ote thatDNA can bind to m&l ions via both the phosphate
backbone and nucleoba8&3. As one of such examples, Wang andwamkers designed a
DNA hairpin probe to detect Hfwith theaHL pord®®, which is an extremely mutagenic
element and neurotoxin for human health. The DNA hairpin molecule contained a pair of
thymines in the loop region. Note that hairpin molecules have two states: open state (similar
to singlestranded DNA and closed state (i.edpublestranded DNA. Singlestranded DNA
molecules could translocate through #t8L pore rapidly due to their smaller diameters than
the nanopore. In contrast, the closed state of a hairpin has a larger diameter than the
constrction of theaHL pore. In order to translocate such a DNA molecule through this pore,
the hairpin molecule must be unfolded, thus resulting in a longer residence time event than a
singlestranded DNA. Experimental results (Fig@eshowed that, if ther&vas no presence
of mercury ion in the solution, the translocation of the DNA hairpin in the protein pore

produced only one major type of events. These events had small residence time, indicating
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the rapid unzipping of the closed state of DNA hairpinsti®yaHL pore and the weak
interaction between the singitranded DNA and the protein nanopore. However, if there
was presence of mercury ions, they would stabilize the hairpin structures due to the formation
of thymineHg-thymine complexes, producing aexe with significantly longer residence time.
The detection limit for HF ions with the (M113F)aHL pore was 25 nM. In addition, the
nanopore sensor was highly selective; other heavy metal ions includihgiei, cd*, C&,
Ni?*, La®*, Mg®*, Ag’, and C&* with concentrations of 2 orders magnitude greater than that of
Hg?* would not interfere with the detection of mercuric idis.

Interestingly, Wen et al. used the same Thyntitgg"-Thymine approach to detect Hg
with a 26base Trich ssDNA as a molecular probe. Unlike the design strategy adopted in
Wangds work described as ab-#lg’eThymindoecureedin h e
the | oop region of the hairpin, hymnesWeheo s
stem region of DNA hairpin structure. Similarly, the translocation profile of the ssDNA
through theaHL pore changed significantly in the absence/presence 6f l4g that the
concentration of HY in the solution could be quantitated. Sifieally, the sSDNA molecule
with random coil conformation gave an average current blockade86% and the most
probable translocation time of 0.16 + 0.01 ms. Upon binding &f tégthe DNA probe, the
average residual current droppedb0% of the opempore current, while the residence time
increased to 30 ms. However, one drawback of tlEsnsing system is that it had a
relatively low sensitivity because of the background noise of the DNA probe and the
reduction of the effective concentration of #gue to its binding to the Cions of the KClI
electrolyte solution. To enhance the sensor sensitivity, a salt gradient was used. With the
asymmetric electrolyte conditions (3M trans/0.15 M cis KCI), the detection limit of the Hg

sensor could be lowered to around 7 i1,
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BesidesDNA hairpins, formation of @uadruplex structures was also employed to design
nanopore metal ion sensofsote thatG-quadruplex is a foustranded structure typically
stabilized by stacked guanine tetrads @med by short loof&)). For example, Yang et al.
used a DNA oligomer, which contained the PS2.M (a frequently useda@ruplex DNA)
sequence, for the simultaneous detection 6f Bbd B&" without any masking agents. To
prevent the formation of stable-uadruplex structure with the background electrolyte,
tetramethylammonium chloride (TMACI) solution was used instead of the colymead
inorganic salts such as KCI, NaCl, and X0H Expeimental results showed that the mean
residence time of Pbmediated and B&mediated DNA translocation events were 99.7 + 1.1
ms, and 14.5 + 1.1 ms, respectively, which were approximately 2 to 3 orders of magnitude
larger compared to the ssDNA withowtcendary structures~Q.16 ms). The sensor was
highly sensitive (DOL: 0.8 nM) and selective (other commonly studied metal ions did not
interfere with their detection). The circular dichroism (CD) spectra of the DNA probe before
and after addition of Pb or B&" confirmed the formation of @uadruplex structures.
Moreover, the PH and B&" ion mixture sample only showed the peak of ‘FBDNA in the
CD spectra, implying that the Pthinding affinity with DNA was stronger than that of Ba
This result wa consistent with uadruplex DNA translocation results where the dwell time

of PI¥*-DNA translocation was much larger than that of BaNA. !

It shauld be noted thain addition to metal ion detectioanother important application of
DNA-metal ion interactiomisto study nucleobase modifications. For examipyemonitoring
the effects of Agon DNA duplexes containing single©, GmC or GhmC mismatches in
the aHL nanopore,Gu and ceworkersdevelopeda nanopore stochastic sensing method for
rapid, labelree detection and discrimination of cytosine (C), methylcytosine (ra@q,
hydroxymethylcytosine (hmG§* Ther experimental results showed that the duplexes

containng single cytosircytosine and methylcytosingytosine mismatches became more
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stable in the presem of Ag", while Ag" had no significant effect on stabilization of
hydroxymethylcytosineytosin mismatch. A similar strategyas reported by Kangt al!®®
to discrimatecytosine and*-methylcytosine by investigating the effecf Hg% on dsDNA
with an uracitthymine mismatclanda 5methylcytosinethymine mismatchrespectively

2.2.2 Peptides as a ligand probe

Peptides(i.e., short chains of amino acids, linked fgptidebondg are another type of
biomolecules which are frequently used as chelating agents to study metajamh
interactions and to detect metal iEHE7MEEMENOM Nanopore detection of peptideetal
ion interactions could be traced back to 2008, when Lee et al. studied the foldindirgetn
module in the presence of Zn which is inwlved in neurotransmitter function, immune
activity and the action of hormones such as insulin. A singléinger module such as
Zif268 is only 28 ami ne haclitlkksandi tui motésnigtheh b ut
absence of Ziii ons -hdtitke st r uct ur e-shedt, ainioh eadsedothe pproteint h e b
to be unfolded. Upon addition of Zn(ll) to the solution, the protein was tifitied, and
due to its larger diameter 2 w2nmx1 . 2 nm) t han t he cdbmm),ricti
tcoul dndét transl ocate through the nanopor e,
with small | and T from the translocation events of the unfolded strugkigrire 4).
Furthermore, the effect of other metal ions including Mg(ll) and Co(ll) on dldnfy of
Zif268 was also studied. Results showed that the majority of events remained as translocation
events, while no significant bumping events for folding structure were observed. Thus, as
expected, since the binding of zinc to Zn fingers is at kasé orders of magnitude stronger
than other metal ions, protein cannot be folded tightly in the presence of other metal ions.
I n Lee groupos f oligatedithe intpracson lnetivgen metahienyg and priene s t
proteins and peptide. They found that binding of metal ions to substrate ligdunced

conformational changeand subsequently the event signatures such as blockade current and
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residence time wuld change when the molecules bumps into or translocates through
nanoporé”’

In another stud{), Asandei et iiafeptidedragmenbfyra the Human
A B4 peptide, which is foundih he pl aques of the brains of ¢/
examine and compare at singiolecule level the interactions between such peptides and
various metals including Gl Zr?*, Fe*, and AP*, which are known to play a critical role in
b-amyloid newotoxicity. The three histidines in the,61l3, and 14p osi t i oines oOf £
peptide fragment are coordinated to metal ions with different binding affinity. In the absence
of metal s, the rel ative gdnteraciontwithlaisnglecakilage e n
pore belongs to random coil structures. Upon addition f,Gin**, Fe**, and AF*ions to the
solution, the peptide probe underwent a conformational change that altered its affinity to the
protein pore and led to distinct alterations in theekn fingerprint of blockade currents.
Unlike Cu*and zrf*, addition of Af*and Fé&" caused a very slight change in the frequency
of bl ockages ¢la6u sierdt ebryactthhreonAbwli t h t he UHL po
rationalized through the lower affty of AI**and F&t o 4, fas compared to Gliand
zn?, Mo r e.@wn ainddeatled monotonically with the concentration of added and
Zn**, while litle change was observed after addition ofFend AP* to the electrolyte
solution. Taket oget her , the combined results demons
with metal ions had the following affinity order: €uzZn?*>Fe**>Al3",

Although nanoporeletection of peptidenetal ion interactions began at ~ one decade ago,
using peptide ligands to quantitate metal ions is a recent story. In 2014, in one of our early
studies, a polyhistidine molecule was used as a ligand to det&ttoBis, one of the nsi
essential trace elements that is vital to the human Héalfthe reason why this biomolecule
probe was selected for Eudetection is because the histidine residue possesses a very
efficient nitrogen donor in its side chain imidazole rimghich canprovide two nitrogen

donors and a sirnembered chelate ring for coordination. Similar to the DNA ligaasked
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metal ion nanopore sensors discussed in the previous section, in the abserféeonisCiine
interactions between the peptide probe and thesjorgiore produce only one type of events.
In contrast, upon addition of &uions to the solution, a new type of Ieliged events was
observedFigure5). These events had completely different signatures such as residence time
and blockage amplitude frommose in the absence of €ons, which permits the copper
chelates to be readily recognized. The detection limit fof* @ms was 40 nM in the
(M113F), Uhemolysin pore. Although &8 Ni**, and ZA" also interacted with the
polyhistidine molecule,hey did not interfere with Cii detection since the event residence
time and/or blockage amplitude values for those metal chelates were significantly different
from those of Cti chelated’®

It should be noted that, in the various D¥Ased and peptideased metal ion nanopore
sensors describenh the previous sections, metal ion detection was achieved due to the
appearance of a new type of events. Interestingly, recently, Roozbahani et al. reported a
uranyl ion sensd¥’! which was baed on the effect of uranyl on the frequency of a histidine
rich peptide HH, translocation event@~igure 6). One likely reason why no new types of
events were observed upon addition of,£f@ons to the solutionvas becausthe binding of
uranyl to thepeptide HH; enabled other uncomplexed peptide molecules to undergo
conformational change, so that thegve larger molecular sizes than the nanopore opening,
and hence they could not enter and pass through the pore. The detection limit of the nanopore
uranyl sensor under symmetrical buffer condition was 10 nM. By taking advantage of the salt
gradient effect, uranyl ion could be detected with a detection limit of 2 nM. Furthermore,
micromolar concentrations of other metal ions such &%, @ti**, C/**, zn**, Ni**, PK¥*, Ho",
Mg**, and C&" as well as other matrix components would not interfere with?Udtection.

In the followrup study, Roozbahani and-emrkers used a similar approach to detect
thorium ions”® The molecular probe 022 they used wsan aspartic and glutamic acid rich

12-amino acid long peptide (sequence: YEVHHQKDDPDD). This peptide was a good
12
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chelating agent for T due to the presence of three potential donor sites (one amine and two
carboxyl groups) in those residues. In thseaize of T, the interaction between peptide D

12 and t he UHL nanopor e produced t wo maj o
translocation event). After addition of THons to the solution, the peptide event frequency
decreased due to the conformasibrchange of peptide probe induced by the metal
ionT biomol ecul e interact i qgusediSthewrahyhsensar,in t he
the presence of Thions, D12 molecules might become larger than the opening of the
nanopore so that they coultbt enter and pass through the pore. This interpretation was
supported by the CD spectroscopy results, which showed that one out of 12 amino acid
residues in the peptide-D2 mol ecul e underwent the random
addition of TH" to the peptide solution. It should be noted that, in this study, Roozbahani et

al. developed a computation strategy to predict the optimum solution pH wkE2ec@uld

serve as an effective chelating agent for nanopore detectiori*tibiis. They predied that

if a buffer solution of pH 4.5 was employed as the supporting electrolyte instead of the
commonly used buffer solution of pH 7.4, a better sensor sensitivity and performance could

be achieved. This prediction was confirmed by the experimentaltsresith nanopore
detection of TA" ions in a series of buffer solutions of different pH values. The nanopore

Th*" ion sensor developed in this work was highly sensitive (detection limit: 0.45 nM) and
selective (other metal ions such as HOPK*, CU*, Ni**, H*, Zr?*, As**, Mg**, and C&"

with concentrations of up to 3 orders of magnitude greater than that*6fwbld not

interfere with TH*detection).

2.2.3 Use of an organic molecule as a ligand probe
In addition to the DNA and peptide bimolecular probes, smaller organic molecules were
al so used f or s ensi-HLgnanopore. nrertexaimplej Kamgsandwis ¢oh t h ¢

workers employed 5,10,15,26trakis(4sulfonatophenyfporphyrin (TPPS) to dete Cu**
13
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ions (Figure 7). In this study, the multiple pyrrolic N atoms in the planar tetrapyrrolic
macrocyle provided unique metal ion binding affinity and selectivity. The interaction
between TPPS / G4TPPS complexes and the nanopore produced evetitssighificantly
different signatures (mean dwell time and the normalized blockage current), thus permitting
them to be readily differentiatéd’ By analyzing those new signatures, quantitative detection
of CU**ions could be achieved. A possible explanation for the increased dwell timé’ef Cu
TPPS complexes events is that the binding f @ TPFS changes the charge distribution of
porphyrin molecules, thus resulting in an enhanced interaction between thaRRS
c omp | e x &k po.nTHe détection limit of Glisensor was estimated to be 16 nM in
about 10 minute singlechannel recording, wbh is much lower than the maximal
contamination | evel for copper (20 €M) in w
Agency.

In another study, Wang et al. used carboxymebhyly c| odext r i n ( CMb C
molecular adaptor for nanopore sensing of Qifffl b-cyclodextrin is a welknown host
molecule, which has the ability to capture atanle of or gani ¢c mol ecul es.
with a high charge density is able to chel at
In this work, Wang and ewor ker s us ed -Hi (M1EN)gproteie poreas theU
stochastic sensing element, anddgtd the interaction between the adaptor and the nanopore
in the absence and presence of Cu(ll). They found that a much longer event residence time
was observed when CMif@aGBdetwhansthes dideeofdthe tsensing h e
chamber, and thus wamsore appropriate for studying hegtiest interactions. Their further
experiment showed that when Cions were added to thes chamber compartment, a new
secondary current level was observed due to the formation’fCiVib CD compl exes .
controlex@ r i ment wi t h b CD ?iions undér¢he sgamecoraliionseshowdd C u
no secondary current |l evel, confirming the r

cCi¥'with CMBCD.
14
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2.3. Chemicalreadion-based nanopore detection of metal ions

Enzymes aranacromoleculeshat catalyzechemical reactionsFor some enzymes, the
presene of metal ions as cofactors is crucial for their activity. Although utilizing DNAzyme
(i.e., catalytically active DNA moleculesjo detect metal ions by fluorescence and
colorimetric assays has attracted a lot of attention in the recent®j&4rg=!841[85186]
enzymatic reactiorbased nanopore metal ion sensor was rarely reportecenty, Liu et al.
developed a DNAzyetbased nanopore biosensor to detect leadffowhere a hairpin DNA
was employed as the substrate. After addint iBhs as a cofactor to DNAzyme, the hairpin
DNA substrate was cleavedto two single stranded DNA (ssDNA) chains. The current
signal s of t he hai-#podu ctupioguctdRNbethaimsnwere i t s
significantly different, so that they could be differentiated from each ¢fhgure8). Briefly,
because of theatger diameter of the stem of the hairpin DNA substrate than the nanopore
constriction, the substrate had difficulty in translocating through the pore and remained
resident i n t he -H emnnél wuglite a lang énae, tlus resultingaim U
extended interaction time-25 ms) and a partial blockade-6¥74%. In contrast, SSDNA chain
products were smal | er-Hlpbraand pgassed thcoagh the manogotei o0 n
quickly, leading to a larger blockade87% channel block) and mudhorter dwell time
(~0.5 ms). This nanopore sensor can deteét RIn at the concentration of 3.48 nM or
higher without any labeling. Furthermore, the developed DNAzgas=d nanopore
biosensor is highly selective: other individual metal ions suchi@s Mn**, Zr?*, C&*, Mg**
or NH," with 10-fold concentration of P did not interfere with P detection.

Most recently, Roozbahani et al. reported a proteasel nanopore sensor for detection
of zn** ion®® Proteases (also known as peptidases) are enzymes that occur naturally in all

living organisms. They catalyze the hydrolysis of the peptide bonds that join amino acids
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within proteins, and play key roles in diverse biological processes. In their study, ADAM17
(short for a disintegrin and metalloproteinase 17) was used as a model protease to Hetect Zn
In the absence of zinc ions, the enzyme was inactive so that th@tconmodulations are
caused only by the peptide substrate. Upon addition ftérthe solution, the enzyme was
activated, and its cleavage of the peptide substrate produced new types of blockage events
with smaller residence time and amplitude val{fégure 9). The limit of detection (LOD) of
the nanopore sensor in a 10 min electrical recording was 100 nM. In addition, the selectivity
of the nanopore zinc sensor was investigated. Divalent metal ions such’asldi, Cu/”,
and Cd* were selected as potential interfering species because of their similar chemical
properties to Zf. The mixtures of zinc ion and these metals produced similar results to that
of the single zinc ion standard, suggesting that other metal ions would ertenetwith ZA*
ion detection significantly.

Another study worth mentioning was reported by Xi anewookers®” Instead of
utilizing DNA as a metal chelating agent, they took advantage 6t@alyzed click reaction
(i.e., Cu-catalyzed 1,3lipolar cycloaddition of azides to alkynes) to detect’@ns. In this
work, wo ssDNAs were designed as preprobes, which were modified with an azide and an
alkyne, respectively. The click reaction would occur between the azide and the alkyne in the
present of Ctf and a reductant, thus inducing the ligation of two ssDNAs and fimmet a
forked DNA. (Figure A3) Since the events of the forked DNA indk# protein pore had a
much larger current blockage (>85% vs. ~30%) and longer mean residence time (1.19 + 0.12
ms vs. 0.16 + 0.01 ms) than those of the two ssDNA preprobes, keel ioNA and ssDNAs
could be readily differentiated. Furthermore, with an increase in the concentratiofi*afi Cu
the solution, the frequency of the forked DNA also increased, thus allowifiyt€ie
quantitated. Due to the high efficiency of the cliclaation, this C& sensor was highly
sensitive (with a detection limit of as low as 67 pM without any signal amplifications).

Moreover, this sensor was very selective towards 6ver a variety of other metal ions such
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as F&", AI**, cr*, F&*, c&*, Mg®, Mn?*, zr?*, Cd**, Cd*, Na', and K. Apart from metal

ion detection, the nanopore sensing strategy developed in this work can be used &ses label

tool for realtime monitoring of click reactions.

3. Synthetic nanopore metal ion sensor

Unlike proten pores which predominantly use singt®lecule stochastic sensing (or
resistivepulse) strategy to explore a wide variety of applicatiogsihetic nanoporetake
advantage oboth resistivepulse and steadstate(based on the response of the nanopore
toward numerous metal iongpproaches to detect analyteshe former is usually used to
study large and long biomolecules such as nucleic acids and proteins, while the latter is
mainly employed to analyze small moleculd3art of the reason for thimay be due to the
low resolution and large background noise of the synthetic narspapart from the
transientionic currentmodulations used in protein pores, many other types of readaués
also been utilizeth synthetic nanoposd tudy, includingcurrentvoltage (}V) curve,cyclic
voltammetry, optical signals, éf& An excellent reviewn this regarchas been provided by
Jiang and Gub™ In terms ofmetal iondetectionas far as we are aware, thus far, setite
nanopors were rarely utilized as singhrolecule stochastic sensietements to detect metal
ions basedon a simple binding/unbinding mechanisAt. present solid-state naopores use
three major strategies to overcome the large backgrimumac currentnoise and poosensor

resolution issues, thus achieving metal ion deiec

3.1 Stochastic sensiAgased analysis

Two sensing strategiese used in synthetic nanopdrased stochastic detection of metal
ions. The first strategy involves taking advantage of enzymatic reactions. However, unlike
the examples describedtime previoussection, wher@rotein pores can directhgcognizethe

cleavage productsin the case of solidtate nanoporeshe signals of thebreakdown
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fragmentsusually need to be further amplifiedefore they could be detectedis one and
only onesuchexample Li and coworkers took advantage afPG*-responsive DNAzyme
(nramed GR5) and used a strategy called indirect transductiond&velop a soligtate
nanoporesensor fordetecton of Pi* ion, which involved monitoringhe tranocation of
huge DNAassembly producti& a conic glass nanopore of ~10 .nNote that GR5 has one
substrate sequence including RNA cleavage site (rA) and an antisense enzymatic sequence for
PK** coordination® The mechanism behinB?* detectionrelied on two transition steps:
metal ionresponsive RNA cleavage antigonucleotideinducedhybridization chain reaction
(HCR). Briefly, in the presence of Pbions the substrate sequeneeould be cleaved, thus
releasing a short fragment of DNAamed HCRly) into the solutionThen HCR-lp served as
an initiatorto induce the & ective HCR reactiotetween two hairpin HCR substrateghich
producesdoublestranded concatemer mixtures ranging from tens to thousands of base pairs.
Hence PE* detection can beachieved bymonitoiing the translocation of HCR long
concatemerthrough the nanopore. bontrast, irthe absence of Bh GR-5 was not activated
so thatHCR-1p would not be released into the solutimninduceHCR reaction(Figure D).
Al t hough this study di dn ¢ éxpefimemtsshewedthat theu ant i |
detection limitof the conic glass nanopebased PH sensordependedn many parameters
including reagent concentratiprbua er composites and pore size Furthermore, this
nanopore sensor was selectigther metal ions such as ZnHg*, C&*, C/#*, and Fé&
di dnot i nRUA defeetionesignifi¢antiiThe detection strategy developed in this
work mayfind potential use in constructingore sensitivesensors fowvariousother metal
ions by usingnore advanced DNA assembigactions (e.g., DNA origami) and other target
binding species (e.g., aptamers).

The second strategy adopted by salidte nanopordsr stochastic sensing afietals is to
use a molecular prob8imilarly, to overcome the low sensor resolution and high background

current noiselarge molecules such as nanoparticles and bafad$00 nm diameter or above
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instead of relatively small biomolecules such as peptides and DNA of a couple of diameters
were used as theelectiveprobe. As one of such exampleslayne et al. used a polyurethane
nanopore to characterize a modified Si oparticles with APTES (3
aminopropyl)triethoxysilane), a wethown ligand that binds to €U By measuring the
particle velocity and the magnitudegsandas wel
conduct i vie they successfally detarta@’* ion in the solution (Figure 1).°%

They found that the increase in theaaty of the nanoparticles was attributed to thé*Cu
binding to the particle surface, thus resulting in an increase in the particle surface charge. The
magnitude of the conductive pulse was dependent on the voltage, applied pressure, pore
surface chargesind the charge of the translocating particle. The resistive pulse magnitude
was also a function of nanoparticle charge. At negative potentials, a negatively charged
particle passing through a negatively charged pore would generate biphasic pulse, a
condutive followed by a resistive pulse. Under the same condition, a positively charge
particle would only generate a resistive pulse with greater magnitude compared to the
resistive pulse generated from the negatively charged particle of the same size.thbdsisne
capable of operating under a variety of pH and ionic strength experimental conditions without

interference from other metal ions including Mg\a', C&*, and Fé",

Recently,Platt and his coworkers combined aptasimes d i yed super psar amag
(SBs) with resistive pulse sensing (RPS) technologies to detect mercury and lead ions at
nanomolar concentration3he detection principle was based on the change in the charge
density and velocity of the carrier particle through the nanopore as aakthdteffect of the
target analyte on the structuaed conformatiorof the aptamergi.e., short singlestranded
oligonucleotides that are capable of binding various molecules with high affinity and
specificity) By developing a dual aptamer that bindgshe metal ions in two locatiorfene

next to thesurface of thearticles and thetheron the edge of the DNA sequence adjacent to
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the solution, theyshowedthat ionic concentrations outside the parsclere affectedy the
charge density of the aartlayer only and the electro kinetic velocityas dependent on the
ionic concentrations within the whole thickness of the outer iigure ).

In the followup study,by using peptidéunctionalized superparamagnetic nanocarriers
instead of aptamenodi yed superparamagnetic beads as
Heatondevelopeda resistive pulse solidtate nanopore sensing timed to quantify Nf* ions
in solution that could be employed in the field of environmental monitdrinte thatNi**
could be extracted ahnBRriefly Histagged peptitlesivere atacliteeé r 3 0
on the surface of a super paramagnetinocarrierWhen there ipresence of Nf ions in
solution,they will bind tothe His tag which results ira change inhe charge density around
the carriey and accordinly causes change in the translocation veloaitythe carriethrough
the nanopoe. Fur t her mor e, since the magnitude of
velocity depended on the concentration of the metal ions in solution, metal ions could be
quantitated. Moreover, this nanopore sensor was seleaitection ofNi** ion in the
presence of some other heavy metal ions and gigatitih ofNi** in both tap and pond water

were successfully accomplishéd

3.2 Steadystatebased metal ion detection

The most popular solidtate nanoporbased metl ion detection strategis to take
advantage of changes in the curreoltage (}V) curves, which involve the response of the
nanopore toward numerous metal ioRer this purpose, two significantly differemtethods
were used. Onenethodwas involved with the modification of the inner surface of the

synthetic nanopore, while the othesed a ligand molecule as the selective molecular probe.

3.2.1 Metal ion detection in functionalizegntheticnanopores
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As one of such example$jan et al developed a biomimetic mercury (dated single
nanochannel by immobilizing thymine rich ssDNA into a single conical nanochannel. This
nanochannel (or nanopore) was prepared by using an asymmetrietchdechnique with a
polyimide film that can trasport cations from the tip entrance (~30 nm diameter) to the base
side (~1.5mm diameter) of the channel. The principle of the ssDNA and nanocHaased
hybrid system (SNHS) depends on the channel asymmetry and electrositis €ue to
generation of iked charges on the interior surface of the channel. Experimental results
showed that, after sputtering gold nanoparticles onto the interior surfaces, followed by
att ac hi rhipl-eaded Tich §sDNA based on Athiol interaction, the channel was
blocked by the stretched ssDNA. However, if there was presence®dirHie solution, the
stretched Trich ssDNA folded into duplex structures by formation ®HG>"i T complexes,
which partially increased the effective pore size, thus resulting in a relnl@rkarease in the
ionic current flowing through the channel. Furthermore?*Hgnscould be pulled out from
the T Hg?i T complex by addition of cysteine, so that this sensing system could be used
repeatedly(Figure B). Moreover, this synthetic nanoposensor exhibited excellent g
recognition capability with a detection limit of 8 nM; other metal ions such &§ e,

Mg*, etc. di dnoXdetectiod®r fere with Hg

Similar toTiand s wo r k aslabove; Jiangbaeddworkers constructed a biomimetic
multi-nanochannel system with high selectivity to*Z#! In this study multiple tracked
etched conia shaped nanochannels were created in a polyethylene terephthalate (PET) film.
In order to capture Zi i o n s ;dipic@lylagnine (DPA) was immobilized inside the
nanochannel througkhe classical coupling reaction with -{8-dimethylaminopropybN é
ethylcarbodiimide-HCI (EDC)/Mydroxysuccinimide (NHS)Note that DPA is a weknown
ligand which can provide a tridentate ligand witliee nitrogen donors to bind ZnTo

demonstrate the sensor selectivity, the effect of metal ionbi@h\t curves of the DPA
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modified nanochannelwas investigated. It was found that, whbere was presence of Zn
in the solution, a drastic decreandhe channel current was observed. In contrast, the channel
currents did not change significantly when the nanopyseemwas exposed to Kii, C&*, or
Cd** ions Further experiments showed that, with an increase in the concentration of added
Zn**, the magnitude oflecrease ithe channel currenglso increass; so thathe constructed
DPA-modified nanochannelcould be used as a sensitive sensor fof* Zketection. In
addition, Jiang and eworkers showed that then/DPA-modified nanochannelsoald be
used as secondary sensors tfee highly sensitive and selective detectionH#fO,> anions
with a detection limit of 10 nMSuch a detection limivas very impressive considering that
many existing phosphate sensors can detect4ARBly at micromola concentrations (note
that the detection limits of colorimetric, voltammetric Hcimannel and conductometfased
HPO,® sensor were 56M, 0.5 mM, and M, respectively§®.

In another study, a new paradigm based on-cha@ed nanopores combined wsthgle
walled carbon nanotubes (SWNTs) was proposed (Fig)r€®1 The modified nanopore with
Zr** played a role as a counter that could quantitatively detect the concentration of folded T
rich ssDNA with the formation of “Hg®*-T, due to the strong affinity of Ztfor phosphate
containing groups. With the assistance of SWNTSs, the excess amount of ssDNA which was
not folded in the presence of the target molecules could be fully removed. The presence of
Hg?* ions in the electrolyte solution drastically reduced treflux across the nanochannel,
with a limit of detection (LOD) of 8.3 nM. This detection limit is lower than the toxicity level
of Hg®" in drinking water (30 nM) as defined by World health organization (WHO).
Furthermore, the method was highly selectaveariety of environmental relevant metal ions,
including C&*, Mg?*, Ni**, Mn*, P, B&*, Cd*, zr?*, Fé*, Cd*, and Cd@", did not

interfere with H§" detection.
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More recently,nspired by voltag@ated ion channelSiwy and coworkerslevelopeda
novel strategyo designsolid-state(silicon nitride)nanopores thatould selectively transport
potassium ions versus sodium idnssalt mixturé®”. Unlike thosenanopores fabricatelly
tracketching onpolyme films, the silicon nitride nanopore they constructed was first
modified by triethoxysilylpropylmaleamic acid treatecarboxylaté surfacein the inner
wall of the nanoporeso thatthe silicon nitridenanopore could be further modifidd. one of
their designs, the interior wall of the nanopore was modtigla 46aminobenzel8-crown6
etherfrom one side, whilevith 30-mer ssDNAmoleculesfrom the other sideExperimental
results showed thahé nanoporeselectivityfor potassium ionsvas achieved byhe presence
of crown ethemmolecules while the highly negativg charged ssDNA plad a role as a
cation filter, which prevened anions from passing throughe nanopore, thusicreasing the
cation concentrations at one entrantheir experiments also showed tihe high K ion
selectivity was achievedn the functionalized silicon nitride posewith very small pore
diametersThe K™ ion selectivity decreaskeexponentiallyas thepore diameteincreasedand
disappeard when the pore size was larger than 3. fiflme strategy developed in this work
might open a newavenuetoward construction ofbiomimetic nanopore systenfisr various

applications.

In addition to the nanopores fabricated in saclidte silicon and polymer membranes,
pulled nanopipettes were also used for metal ion detecfisrone of such examples, Sa et al.
developed a cobalt ion sensor by monitoring changes in theuaent rectification ratio
using a quartz nanopipette with dihydroimidazole (DHI) attached to its inner stiffatéaus,
the deprotonated amines in DHI could serve as binding sites for coimlt should be noted
that, one advantage of thisDHio d i y e d n-lzased gobaft shsor és it reusability. To
regenerate the sensor, the nanopipette with adsorb@ddde could be soaked in an acidic

solution, in which protons would displace theund cobalt ions. Then, the nanopipette was
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stored in a solution of intermediate pH, which led to regeneratioheobinding sites for
metal iongFigure B(a)). Si mi | ar t BourrBamdand cwarkersuseda nanopipette
functionalized with multilayers of chitosan and poly(acrylic acid) (PAA}étectCu?* M2
Chitosan is widely employed for the removal of metals from ground and wastewittea

pK value of ~6.5, while PAA has a pK of 4Bue to the mixed layeformation naturethe
chitosan/PAA nanopipettead strong affinity for CG* at pH>5 Similar to the cobalt sensor
described above, the binding of Luo the nanopipette was also reversible, and the
nanopipette sensor could be regenerated for latenyuseaking it intca pH 3 b er for 60 s
(Figure 15(b)). Moreover,in another similar workPourmand and eworkers constructed
calmodulinmodified nanopipette sensor®r highly sensitive and selective detection of

calcium%3

3.2.2 Modification free detection of metal ions

Although the vast majority of the synthetianoporebased metal iosensos reported so
far were developed based antroducing new functional groups the inner surface of the
nanopore,modificationfree strategy was also employed bteadystatebasedsolid-state
nanopores to detect metal iofss mentioned previouslypne significant advantage of the
modificationfree strategy over the functionalized nanopssmsingtechniquelies in its
convenience and flexibility since different analyte species can be detected using the same
nanoporeagain ad again The selectivity of sucla modificationfree nanopore sensor is
usually accomplished by using a ligand molecule as the selective molecularAsabee of
such exampleslin and ceworkersuseda glass nanopore tetect cupric ions the presene
of polyglutamic acid (PGA} Note that he oxygen atom of the free carboxyl group and the
nitrogen atom of the amide group of PGA can bind with the cupric ions tosfaiteCu**-
PGA chela¢ complexin aqueous solution at neutral pHurthermorethis sensor could also

be regenerated by immersing it in a low pH solutisherethe chelated cupric ionsould be
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displaced by protonsExperiments also showed that the sensor sensitivity could be
significantly improved by using salt gradienta 1-2 order increase ithe detection limit of
the sensowas achievedn anasymmetric buffecondition(0.01 M/0.1 M KCl)instead of a
symmetric buffersolution (0.1 M/0.1 M KCI). Moreover this sensor was highly selective:
other metal ions such aseMn?*, Zn**, Cd*, C&*, Cd*, and Nf* did not interfere with
CU?* detection.In addition, simulatedCu”* samples iy spiking Ca* into two kinds ofwine
andone industrial wastewafeweresuccessfully analyzed

Another modificatiorfree synthetic nanopore rsgr worth mentioning is reported by
Wang and cavorkers Unlike the CG* sensor discussed above, which utilized PGA as an
selective molecular probe for €urecognition, in this studydetection of Cr* was
accomplished in &racketchedPET nanoporevithout any surface modification oise ofany
chelating agert® One useful property of such a nanopore obtained by wet etching of
single track in thé?’ET membranés that its inner waltontainsa high density o€arboxyl or
hydroxyl grou. The carboxyl grouparewell known for their capabilityo chelae a variety
of metal ions Thereforein principle,tracketched PET nanopores have no speaifatal ion
selectvities In order toimpart the PET nanopore with selectivity toward’ CEDTA was
usedas a mask agent to remawe potential interfieences from othemetal ionssuch as A
Ba&*, C&*, Ce", Feé*, H¢f', Mg?*, and St'. Furthermore, this sensor was highly sensitive,
with a detection limitof about 16 nM which is comparable with most of the®Csensors
reported thus far. Moreover, analysis m@al samples including lake water and mineral

drinking watemwere successfully carried out

Other than introducing bding sites in the inner surface of thanoporeand use of a
ligand molecule as thsekctive probegnzymatic reactions eve alsoutilized by synthetic
nanopores fodetection of metal iong-or exampleXia et al.reported ?ET nanoporéased

Zn** sensorby using aDNA supersandwich structure and®Zmequiring DNAzymes$'°® In
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their designthe inner surface ahe PET nanoporewas first attached with eapture probe
(CP) and followed by capturing the sessile probe (SP) of the substrate via the hybridization of
the complementary parts between SP and CP. Thsapersandwich structure was formed
after Auxiliary Probe 1(AP1) and Auxiliary probe 2 (AP2) hybridideeach other from the
other end of the substrate probkext, a DNAzyme Strand (DS) hybridized with SP to form a
DNAzyme system Note that, after the sedfssembly of the supersandwich in the PET
nanoporeonly asmall channel current was observed, indicatireg he DNA supersandwich
almost completely blocked the nanopohe.the presece of Zn?*, the enzyratic reaction
cleaved the supersandwich structure into two partsl 8Rd SF2, leading tathe reopening

of the nanopore and hence an increase in the ioarcentflowing through the poréFigure
16). With such a strategyZn®* could be detected sensitively (detection limit: 1 nM) and

selectively (nasignificantinterference fronPt**, CU/**, and Hg" was obseved).

3.2.3 Other applications and research aspects of Higdall interactions in synthetic
nanopores

In addition to the development of sensors for metal,ioretatligand interactions were
also utilized by soliestate nanoporet® explore other applicationgor example, Liu et al.
developed a nanopot®sed strategy for the removal of heawngtal ions from wastewater. In
this study, theyook advantage of sulfonated thiacalix[4]arene (TCAS) as a complexing agent,
andused a deee which was consisted of two separated cells (a feed cell and a permeation
cell) linked by a piece of polycarbonate membrane containing an array of nanopores of ~50
nm diameter for sequential removal of Cu(ll), Cd(ll), Pb(ll), and Bg@ligure 17). The
separation was based on Hard and Soft Acids and Bases (HSAB) TBeefly, Cu(ll),
Cd(In, Pb(ll), and Ba(ll)) belong to the soft acid category, which are easy to react with the
sulfur atoms and the phenol hydroxyl groups (lone pairs of electronkg ifower edge of

TCAS molecule to form stable metal chelates. Due to theerdint complexing abilities,
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Cu(l'l)TTCAS compl ex was yrst formed. Under
Cu(l'l)TTCAS complex moved towar deothertdaryi ve el
metal ions moved through the nanopores to the permeation cell. Then, TCAS would
selectivelyand sequentiallyeact with Cd(ll) Pb(ll), and Ba(ll) one by on@a the permeation
cell to formmetalTCAS chelats, whichallowed them tde sepaated fromeach otheusing
the same devicg””]

Another application worth mentioning is that mditghnd interaction can be usday
solidbcs t at e nanop o rkendingfara recogriitien osbmraoteculgss one of such
examplesAli et al. developed a biomimetic system for the sensitive and selective detection of
lactoferrin (LFN) usinga conical nanopore fabricated in polyethylene terephthalate (PET)
membraneIn this study,amineterminated terpyridinavas firstcovalentlyattached tahe
innersurfaceof the tracketchedPET nanopore via carbodiimide coupling chemistagdthen
t he t er pyr inahoporewvasnireadedmthe fdrrous sulfate solutiomo form iron
terpyridine (ironterPy) complexeswhich can be used as recognition elements for the
selective LFNdetection due to the strong noncovalent interactions between LFN &hd Fe
chelated in the immobilized terpyridink can be visualizethat the metalion agenity-based
biomimeticsensing strategy developed in this woak beused to develop nanopore sensors
for other proteing f t hey possess speciyc receptors fo
polypeptide backbondexamples of such prates may include histidine rich proteindis-

tagged proteing i nc ynger®®hroteins, etc

In addition to measuring théanges in the ionic currerdther types of readouts were also
used in synthetic nanoporas detect metal ion#As one noted exampl&yurcsanyi and co
workersused ionophorenodified nanopore arrays for potentiometric sensing of&d In
their stug, gold nanopore were first formed by electroless deposition of gold onto the

surface othe tracketchedpolycarbonatenanopores. Therhesegold nanoporesverefurther
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functionalizedwith a mixture of SSAg-1l, MDSA, andPFT. Among them, MDSAwas used

to createcationexchanger sites, PRmpartedthe nanoporevith hydrophobicity, while SS

Ag-Il provided selective recognitioof Ag® ions. Since the potentiometric response of the
ionophoremodified nanopores increased with an increaségdh concentratin, this gold
nanopore array sensor could be used for the highly sensitive and selective detectién of Ag
Apart from metal ion detectionhé strategyleveloped in this work might find potential utility

in ion separation and study of hiogtiest interactions

5. Summary and Conclusion Remarks

In conclusion, we have briefly reviewed the recent development in utilizing nanopore
sensors for the detectioh metal ions. Although the investigations summarized in this review
(refer to Table 1jvere focused on detection of mercury, zinc, lead, copper, uranium, thorium,
potassium, chromiungold, and silver,it is apparent that the strategies developed in these
work (e.g., chelatin / coordination chemistry drenzymaticreaction) could be utilized for
constructing nanopore sensors to detect a variety of other metal ions of medical, biological,
and/or environmental importance. Two future directions can be coedidbdat might
facilitate transitioning the currently available nanopbased metal ion detection technology
for the analysis of reakorld samples. First, thus far, synthetic saltdte nanopores, which
are more appropriate for portable/fieldable sereggplications, havébeen rarelyused as
stochastic sensing elements for metal ion detection at the -snadgeule leel. Although
stochastic sensinlgased nanopore sensors reported so far do not have significant advantages
than steadystatebased nanopersensors in terms of sensitivity, they, in principle, are more
selective than their counterparts because of pheduced multi-dimensional signals
represented by event residence time, blockage amplitude, and so on. Note that, with an
increase in the dimaionality of the sensing system, a better sensor resolution and selectivity

is expectedAlthough introducing a highly selective binding site into the sstate nanopore
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interior surface at a specific position is still difficult to achieve, developmérguoh
stochastic sensinigasedsolid-state metal ion sensors can be visualized by using large
biomolecules (e.g., DNA, peptides, and proteins) as molecular probes and taking advantage of
the chelationenzymatic and/or other types of chemiaalactions a discussed in this review.
Second, the complicated matrix components in thewedd samples might potentially
interfere with the detection of target metal ions. Hence, there is a need for construction of a
patterrrecognition nanopore sensor array hxrease the detection accuracy. Given the
advantages of high sensitivity & selectivity, and laloeé detection, nanopctesed metal

ion sensors should find useful application in many fields, including environmental monitoring,

medical diagnosis, and so.
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Scheme 1 Schematic illustration of a single nanopore senkadt),(typical singlechannel
recording trace segmes{imiddle, and the constructed[3 plots of eventounts vs. residence
time vs. blockage amplitude for metal ion detection and differentidtight). The ionic
current through the nanopore is maintained by applgingltagebiasbetween two Ag/AgClI
electrodes in an electrolyte solution.
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b) Tle >
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Scheme 2Three majorstochastic sensiAgasednanopore strategies to detect metal ions. a)
construction ofa metal ion binding site in the nanopore inner surface; b) utilization of a
biomolecule as a ligand probe; and c) employing enzymatic reactiavithaut, and (ii) with
metal ions.
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Thr292—Cys

Figure 1. Mol ecul ar mo d-elémelysim baseld entthe crystalestructure ofithe
wild-type heptameric pore (WI*® (a) View perpendicular to the sevésid axis. The wild

type subunits are shown in green and the 4H subunit is in pink. The top of the structure is on
thecis side of the membrane in bilayer experiments. Thae 14r and b barr el at
structure spans the lipid bilayer. In the 4H subunit, residues Asiil2®5, Glyl33, and
Leul35 were replaced with histidine (mauve) and Thr292 with cysteine (S atom in yellow).
Proposed locations for the coordinated Zn(ll) (orange) and a water molecule (light green) are
also shownand(b) View of the heptamer down thewenfold axis from the topqjs side) of

the structure. The four new histidinyl residues project into the lumen of the channel, while
Cys292 is distant from the channel mouteproduced with permissidif! Copyright!

1997, ElsevierLtd.
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Figure 2. Detection of [AuCI4] in an engineered MspA nanopo(a) The structure of MspA
(PDB ID: 1uun) and its mechanism to bind [AgClons. The engineered Msp#ore (MspA

M) contairedeight identical methionine residues at position(®) and (c)Typical trace
segments antheir correspondingll-points histogranfor [AuCl,]' sensingoy the MspAM
pore at +100 mV WAUCIhintheciecMambenodmpartmerd, Mspectively.
Reproduced with permissidif! Copyrightl  2019,Springer Nature
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Figure 3. Nanopore detectionof H§ ( a) Representative single cbh
DNA ( s e q tCeAGIARATCTAGCN Nj) in the presence of me |
concentrations. (b) The corresponding concentradiependent event amplitude histograms.

To facilitate the separation of the events having substrate current modulationsifeos) ibte

amplitude of the evestwith substrate current modulations was obtained based on the mean
value of its upper current levels. Dashed line 1 represents the blockage events attributed to
free DNA polymers and DNPmetal complexes, which would not causubstrate current
modulations, while dashed line 2 represents the events due to thénidteh complexes

producing substrate current modulations. The experiments were performed at +120 mV.

Reproduced with permissid!! Copyrightl 2013 AmericanChemical Society
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Figure 4. Nanopore investigation of Zf Zif268 interaction. A) Structures of Zif268 and
Zn**- Zif268 coordinationcomplex; and B) atter plots of the blockade current versus
blockade duration for Zif268 in the absencednyl in the presence of equimolar (b) and 10
fold excess (c) Zn(ll). Populations 1 and 2 refer to the bumping and translocation events,

respectivelyReproduced with permissiéff! Copyrightl 2008, WileyVCH Verlag GmbH
& Co. KgaA, Weinheim
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Figure 5. Event signatures of peptide H10 before and after addition TfiGns. (a) Scatter

plots of event residence time versus amplitude; (b) Amplitude histograms; (c) Residence time
histograms of shotlived events; and (d) Residence time histograms of-lwegd events. The
experiments were performed with the (M113K}henolysin pore in a buffer solution
comprising 1.0 M NaCl and 10 mM T¥sHCI (pH 7.5) at +100 mVjs at ground) in the
presence of 40 & MRepradocedwétlppermidsidft Eapyrightl €813
Elsevier B. U
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